Chronological age is a well-established risk factor for the development of cardiovascular diseases. The changes that accumulate in the vasculature with age, however, are highly variable. It is now increasingly recognized that indices of vascular health are more reliable than age per se in predicting adverse cardiovascular outcomes. The variation in the accrual of these age-related vascular changes is a function of multiple genetic and environmental factors. In this review, we highlight some of the pathophysiological mechanisms that characterize the vascular aging phenotype. Furthermore, we provide an overview of the key outcome studies that address the value of these vascular health indices in general and discuss potential effects on perioperative cardiovascular outcomes. (Anesth Analg 2011;112:1048 -60)
"You are as old as your arteries." -William Osler, MD The Johns Hopkins Hospital, 1894 C ardiovascular disease remains the leading cause of morbidity and mortality in the United States and other industrialized countries. 1 The incidence of cardiovascular disease is predicted to increase as the population ages despite effective treatments for several established cardiovascular risk factors such as hypertension and hypercholesterolemia. This apparent incongruity results from the fact that age itself is associated with both morphological and functional changes in the vasculature. Moreover, the rate at which these changes develop exhibits considerable heterogeneity across individuals. 2 The pathophysiological vascular changes that are most recognized by clinicians are those that are initiated in intima, i.e., atherosclerosis. However, other vascular abnormalities that lead to remodeling and stiffening of the media and adventitia occur with aging even in the absence of atherosclerosis. [3] [4] [5] The latter contribution to cardiovascular disease is generally underrecognized and may explain in part why the predictive value of some conventional risk factors for cardiac disease, such as hypertension, decrease with age. 6 Together, these observations have led to the emerging concept that "vascular age" rather than chronological age is the best predictor of cardiovascular events and mortality. Based on recent data showing that markers of vascular age are predictive of adverse cardiac, cerebrovascular, and renal outcomes in the general population, this concept may be applied to patients undergoing surgery. [7] [8] [9] In this review, we provide a background for the pathophysiological basis of "vascular aging" and its implications for the perioperative care of an aging surgical population.
MORPHOLOGICAL CHANGES WITH ARTERIAL AGING
Aging is associated with morphological changes in all layers of the vascular tree. These changes include central aortic dilation 3 and thickening of the arterial wall even in the absence of atherosclerotic disease. 10 The latter results mainly from intimal thickening but is also caused by sclerotic changes in the media and adventitia (Fig. 1 ). 2 These changes result in increased vascular stiffness, 11, 12 central blood pressure augmentation, 13 increased systolic and pulse pressures with a decrease in diastolic blood pressure, 14 and a higher central blood pressure for any given peripheral (e.g., brachial) blood pressure. 15 Age-associated arterial wall thickening results from multiple pathophysiological processes. Many of these changes are not unique to aging per se, but also occur in patients with conventional risk factors for cardiovascular disease, such as hypertension, diabetes, renal insufficiency, and tobacco smoking. In general, arterial stiffness is related to the relative amounts of elastin and collagen in the vessel wall. The proximal parts of the aorta are more elastic than the distal vasculature and contain a relatively larger proportion of elastin compared with collagen. 16 Ageassociated collagen accumulation and fragmentation of elastin in the aortic wall, along with excessive intramural buildup of other proteins, such as integrins, fibronectin, and desmin, promote increased vascular stiffness. 17, 18 The increased accumulation of matrix metalloproteinases and fibronectin in the media likely contributes to matrix protein degradation. 19 -21 Overall, there is a tendency for vascular smooth muscle cells (VSMCs) to change from cells characterized by contraction to cells characterized by synthesis/ proliferation and migration. Although the mechanisms underlying these phenotype changes are complex, elastin fragments, which bind to elastin-laminin receptors found on the surface of VSMCs (and other cells, including endothelial cells), are thought to be important contributors. 22 Not only are VSMCs phenotypically altered in aged vessels (increased VSMC size, decreased VSMC number), but they also migrate to the intima and contribute to increased intimal thickening. 23, 24 Age-or disease-related activation of inflammation also contributes to vascular stiffening. Increased activity of inflammatory cytokines, such as monocyte chemoattractant protein-1 and transforming growth factor ␤1, promotes deposition of matrix proteins and collagen as well as VSMC proliferation (discussed above), each of which contributes to intimal thickening. 24 With age, vascular endothelial cells exhibit not only functional changes, but also morphological changes, including increased nuclear polyploidy and changes in the cytoskeleton.
Another contributor to age-related vascular stiffening is an increase in cross-link formation of extracellular matrix proteins. At least 2 separate mechanisms have been proposed to cause high levels of cross-link formation: advanced glycation end-products (AGE products) and the increased activity of the enzyme transglutaminase 2. AGE products (of which hemoglobin A 1C is an example) are formed by a nonenzymatic reaction between reducing sugars, such as glucose, and proteins, including collagen. 25 This process is similar to that exploited with caramelization of sugars during cooking (e.g., hard topping of crème du lait). AGE-related cross-link formation of extracellular matrix proteins contributes to the stiffening of the arterial wall. The process is increasingly recognized to be important in many senescence-related changes in the cardiovascular system, such as endothelial dysfunction, atherosclerosis, myocardial dysfunction, and hypertension. Importantly, recent laboratory experiments have indicated that these changes can be pharmacologically modified, suggesting potential treatments for vascular stiffness. With age, excessive collagen deposition occurs in all connective tissues. Transglutaminase is responsible for irreversible cross-link formation between structural proteins. 26 Increased transglutaminase activity in aged vessels could also contribute to increased vascular stiffness.
Data from the Framingham Heart Study have shown that aortic stiffness is a heritable trait. 27 Genetic polymorphisms for the angiotensin receptor, metalloproteinases, fibrillin-1, and the endothelin pathway, among others, have been reported to influence central vascular stiffness, 28 -31 most likely by altering the expression or function of these vascular-related genes. Thus, age-related vascular stiffening is likely the net result of both genetic and environmental factors.
NORMAL PHYSIOLOGY OF VASCULATURE
Central vascular stiffness is a function of the aorta and its main branches, which are embryologically, structurally, and physiologically distinguishable from distal arteries and arterioles. [32] [33] [34] [35] [36] [37] Central vessels function mainly to cushion and dampen the pressure oscillations produced by ventricular ejection and also to transfer energy and mechanical stress in the form of pulse waves along the vascular tree. Clinically, vascular stiffness reflects the cushion effect of the central vasculature tree and can be assessed by measuring pulse wave velocity, pulse pressure, or augmentation index (see below). The peripheral pulse results from a pressure wave that is generated by left ventricular (LV) ejection and acute distension of the aorta. A pressure wave is propagated antegrade during systole until it reaches branch points or arteries with abrupt lumen diameter changes, at which point the wave is reflected back to the central circulation. The final pressure wave in the central circulation is the sum of the forward and reflected waves, 32 as shown in Figure 2 . Both antegrade/incident and retrograde/reflected waves contribute to the actual pressure waveform. The propagation speed of the pulse wave is measured by the pulse wave velocity and increases with age in parallel with vascular stiffness (waves travel faster in a stiffer medium). The contribution of a reflected wave to the net pulse wave in the central circulation depends on the magnitude and the time when the reflected wave reaches the central arteries. The magnitude of wave reflection depends mainly on the geometry and stiffness of the peripheral muscular arteries/arterioles at the major reflecting sites. 38 The contribution of pulse wave velocity to the waveform contour in the central circulation is critical. The net result is that in a compliant, nonstiff, usually young vasculature with elastic arteries, most reflected waves return to central circulation during early diastole and augment coronary blood flow. In contrast, in a stiff, usually elderly vasculature with noncompliant arteries, most reflected waves return to the central circulation sooner, during late systole, thereby increasing cardiac workload and decreasing coronary perfusion by decreasing diastolic pressure. Increased amplitude of reflected waves leading to central systolic deregulation is a major contributor to the development of LV hypertrophy in elderly patients. 38 The architecture of a normal arterial tree is elegant for its conduit and cushioning functions. The central aorta receives blood in pulses of stroke volume from the heart. The mean pressure decreases by only 1 to 2 mm Hg between the ascending aorta and a peripheral artery, indicating an excellent conduit function. 39 The cushioning effect stores the energy of incoming blood during systole and gives it back to promote forward flow in diastole. The cushioning mechanism is so efficient that it requires only 10% more energy than if the heart output were continuous and nonpulsatile. 40 The kinetic energy of each stroke volume contributes only 5% to the total blood flow. Ninety-five percent of the energy is potential energy stored in the distended conduit arteries. Because of the cushioning effect, most of the energy stored in blood pressure pulsations is transformed and dissipated in the major arteries, such that eventually, blood flow is almost laminar and steady through peripheral arterioles and capillaries. However, this is not the case for the renal, brain, and coronary beds. These vascular beds are similar to the central circulation in that they are exposed to pulsations and the associated energy as a result of the high flow into these organs. O'Rourke and Safar 41 pointed out that the kidney and brain are unique because they are pulsating with blood flow. This condition occurs because they are continually and passively perfused at high-volume flow throughout both systole and diastole because their vascular resistance is very low, similar to that observed in other vascular beds during vasodilatation. In addition, wave reflections from kidney and brain are very low. As a result of high volume, low resistance, and wave reflections, the pulsations of pressure and flow extend well into the arterial network of these organs, and pulsations can be recorded even in their venous efflux. The small vessels in other organs are protected from intense pulsations by relatively intense vasoconstriction upstream. The brain and kidney are accustomed to such flow conditions under normal pulse pressures; however, they are susceptible to increased damage from high blood pressure fluctuations upstream as occurs during vascular aging and stiffening.
Blood pressure waveform changes as the pulse wave propagates along the vascular tree. In a young healthy vasculature, systolic blood pressure increases with distance from the heart, whereas diastolic blood pressure and mean arterial pressure decrease slightly (1-2 mm Hg). These changes cause pulse pressure amplification of 10 to 15 mm Hg between the central aorta and large peripheral arteries (e.g., radial artery). In reality, pulse pressure amplification is a protective mechanism because the LV needs to eject against a lower systolic blood pressure and hence against lower afterload. With age and development of vascular stiffness, pulse pressure amplification is attenuated and its protective role is lost, exposing the LV to augmented central pulse. 42 Heart rate has been proposed to have an important role in central pressure waveform generation, such that reduced heart rate leads to an increase in central pressures with minimal effects on the peripheral pulse. One explanation for this phenomenon is related to the basic fact that cardiac output is the product of stroke volume and heart rate. For the same systemic vascular resistance (SVR) (see below), a reduction in heart rate leads to an increase in stroke volume to maintain cardiac output and mean arterial blood pressure. When the central conduit arteries are compliant, such as in the young, they can accommodate the increased stroke volume and dampen central aortic pressure despite the higher volume of blood. This ability to accommodate is lacking in noncompliant or "stiff" central vasculature. In the latter, the increased stroke volume associated with slow heart rate is ejected into a much less distensible proximal aorta. Loss of distensibility and inability to accommodate increased incoming volume cause increases in central aortic systolic and pulse pressure even in the presence of unchanged SVR.
A second explanation for the observation that central aortic pressure increases with decreased heart rate is simply that decreasing heart rate prolongs the duration of cardiac ejection. In addition, a decreased contraction rate (dP/dt), as observed with negative inotropic drugs, will prolong systole. This prolongation will delay the time to peak of the outgoing incident pulse wave and cause the reflected wave to return in late systole for any given arterial stiffness and corresponding pulse wave velocity. 43 
VASCULAR STIFFNESS
Stiffening of major conduit arteries is referred to as arteriosclerosis (in distinction from atherosclerosis) and is the basis for the main manifestations of vascular aging: increased systolic blood pressure, decreased diastolic pressure, increased pulse pressure, and increased pulse wave velocity (Figs. 2 and 3). 6,11,14,44 -49 It is now generally accepted that increased arterial stiffness is a sensitive, early, noninvasive measure of vascular disease. Although arteriosclerosis and increased vascular stiffness frequently develop in aged/aging vessels in the absence of atherosclerosis, increased vascular stiffness is an inevitable development during atherosclerosis. 50 -52 The measurement of pulse wave velocity has been successfully used to quantify aortic stiffness. Pulse wave velocity can increase 2-fold between ages 20 and 80 years, a change that corresponds to a 4-fold decrease in distensibility of the aorta. 18 Thus, the early return of reflected arterial waves from the peripheral arterioles has the potential to increase the afterload on the LV 4-fold ( Fig. 3 ). 53 The LV afterload is doubled by the decrease in aortic wall distensibility and doubled again by the early return of wave reflection in a heart rate-dependent manner. 53 Peripheral blood pressure also increases with age; however, the magnitude of this increase is less than that in the central circulation.
Blood pressure ultimately is determined by input into the central vasculature from the LV and outflow into the resistance arterioles. The outflow is continuous and clinically defined as SVR. The inflow into the central aorta, however, is pulsatile. Hence, LV afterload comprises 2 components: a static component composed of SVR, and a dynamic pulsatile component. Together they constitute arterial impedance or the true resistance against which the LV ejects. SVR, or arterial resistance (the static component), is the main determinant of LV arterial afterload under normal physiological circumstances in a healthy compliant vasculature. The pulsatile component contributes significantly to total LV afterload in stiff vessels. 54 It consists of 2 phasic elements: one is compliance-related forward pulse wave and the second is reflected pulse wave. An increase in either the static or dynamic component may result in hypertension. Importantly, healthy aging is not associated with increased SVR. In contrast, central vascular stiffness, which may increase with aging, leads to an increased dynamic resistance and thus increased total impedance or LV afterload, systolic, and pulse pressures. As a result, isolated systolic hypertension, with normal diastolic blood pressure and increased pulse pressure, is the most common form of hypertension in the elderly. Systolic blood pressure increases progressively with age along with arterial stiffness, whereas diastolic blood pressure increases until middle age and then usually begins decreasing at approximately 45 years of age. 14 Even in patients with diastolic hypertension (which is mainly due to increase in SVR), diastolic blood pressure stabilizes or even declines with age. The vascular impedance or the total afterload on the heart depends also on the pulse frequency and therefore heart rate. The relationship between pulse frequency (heart rate) and arterial impedance (afterload for the LV) is nonlinear; O'Rourke and Safar 53 showed that decreasing the heart rate increases the arterial impedance. Sunagawa et al. [55] [56] [57] suggested that total arterial impedance could be quantified by calculating the ratio of the pressure generated to the stroke volume ejected. This approach characterizes the total arterial load as an "effective elastance."
As described above, vascular stiffness causes arterial waves to return to the central aorta at end-systole rather than during diastole; this change increases systolic and decreases diastolic blood pressure, thus increasing pulse pressure. Importantly, this phenomenon imparts increased loading conditions on the LV. Furthermore, the normal diastolic pulse augmentation is lost, which leads to reduced myocardial diastolic perfusion and a predisposition to myocardial ischemia. 58 -60 The main contributing factor to the increased afterload, LV hypertrophy, and increased LV mass is the increased amplitude of the reflected waves when they arrive at the central circulation. 61 
VASCULAR STIFFNESS AND CARDIOVASCULAR DISEASE
In a compliant vasculature, energy is dissipated in the central circulation by viscous dampening of reflected waves. 32 Loss of this protective mechanism with vascular stiffening exposes organs to high pulsatile pressure that leads to arterial remodeling and microcirculatory damage in the brain and kidney. 53, [62] [63] [64] [65] Vascular stiffening is associated with cerebral small vessel changes, including small lacunar infarcts and white matter lesions that are common in individuals with cognitive impairment and dementia. 66 -68 Vascular stiffness is also associated with endothelial dysfunction that can lead to neuronal injury by compromising cerebral blood flow and the blood-brain barrier. 53, [62] [63] [64] [65] [66] 69, 70 Hence, it is plausible that chronic small vessel changes associated with vascular stiffness might predispose patients to impaired cerebral and renal blood flow and end-organ damage.
The heart also undergoes changes with age. Increased vascular stiffness causes increased afterload and leads to the development of myocardial hypertrophy, diastolic dysfunction, and heart failure. In addition, the myocardium undergoes age-related changes that are mechanistically related to those in the vasculature. Ultimately, increased vascular stiffness and the resultant increase in myocardial loading conditions lead to a coupled increase in both systolic and diastolic myocardial stiffness (Fig. 4) . As arterial stiffness increases, LV systolic stiffness increases in parallel. That is, the changes in the vasculature and LV are coupled. Eventually, however, beyond moderate increases in arterial stiffness, the processes uncouple because the central vasculature loses its ability to accommodate the stroke volume; the result is less-efficient LV ejection. In contrast to indices of stiffness, indices of contractility do not correlate with age, suggesting that arterial stiffness, and by inference structural elements in the myocardium, may be important factors in age-related changes. Moreover, it has been clearly demonstrated that indices of vascular stiffness (increased pulse pressure, decreased arterial elastance, increased pulse wave velocity) and myocardial systolic stiffness increase with age. 71, 72 However, SVR does not increase with age. Vascular-ventricular coupling of stiffer vessels with a stiffer heart has an overall deleterious effect on pressure and flow regulation (including coronary blood flow), resulting in decreased cardiovascular reserve and a lower threshold for the development of cardiovascular disease. 71, 72 There is a clear link between increased vascular stiffness and development of diastolic dysfunction. This pathological LV hypertrophy in aged myocardium is attributable not only to cardiac myocyte hypertrophy but also to the significant increase in connective tissue content that leads to pathological remodeling and heart fibrosis. The sclerotic changes in the heart cause LV stiffness, which leads to reduced LV compliance-a decreased ability of the LV to accommodate diastolic blood volume without high pressures. Decreased LV compliance manifests mainly during diastole; LV diastolic filling becomes impaired, and higher filling pressures are required to achieve the same LV diastolic volume. LV filling from the left atrium is impeded, leading to an increase in left atrial pressure. This high pressure is transmitted backward to pulmonary veins and capillaries, and the resulting interstitial fluid accumulation is manifested as shortness of breath and even pulmonary edema.
The combination of LV diastolic dysfunction and vascular stiffness might have particular relevance for acute hemodynamic perturbations as may occur perioperatively or in critically ill patients. Arteriolar remodeling may necessitate higher arterial pressure for brain and kidney perfusion. At the same time, preload dependence associated with diastolic dysfunction may predispose patients to marked fluctuations in blood pressure that result from alterations in intravascular blood volume. As illustrated in Figure 4 , older patients operate on the steeper portion of the diastolic pressure-volume relationship compared with younger individuals. The clinical consequence is that small changes in the preload (defined as end-diastolic LV volume) will cause relatively large changes in systemic blood pressure. Other mechanisms may also contribute to endorgan (brain, kidney) damage in the setting of increased vascular stiffness. Autoregulation in the brain and kidney may become impaired or lower autoregulatory limits may develop in patients with increased vascular stiffness. Organ hypoperfusion may result when such individuals are exposed to what otherwise might be considered an "acceptable" blood pressure. 73 
Clinical Measurements of Vascular Stiffness
Increased arterial stiffness is a manifestation of vascular aging and is accompanied by increased central aortic pressure. However, peripheral blood pressure measurements do not fully reflect the central aortic pressure profile. Thus, the reliance on peripheral blood pressure measurements as markers of vascular alteration can underestimate vascular aging even in asymptomatic individuals. Several indices of vascular stiffness have been used in populationbased studies, including brachial artery pulse pressure, central aorta augmentation index, pulse wave velocity, aortic distensibility, and the magnitude of reflected wave. These have been shown to be robust predictive indices of adverse cardiovascular outcomes in population-based studies and notably are independent of conventional risk factors, including age itself (Table 1) . 6, 11, 48, 74 44 Adult patients with essential hypertension 1980 After a mean follow-up of 112 Ϯ 53 mo, PWV was significantly associated with all-cause and cardiovascular mortality independent of previous cardiovascular diseases, age, and diabetes. Sutton-Tyrrell et al. 48 The Health, Aging and Body Composition (ABC) study 2488 Arterial PWV was associated with both total mortality and cardiovascular mortality. Arterial PWV was also significantly associated with coronary heart disease (P ϭ 0.007) and stroke (P ϭ 0.001) after adjustment for age, gender, race, systolic blood pressure, known cardiovascular disease, and other variables related to events. Mattace-Raso et al. 6 The Rotterdam study 2835 PWV was an independent predictor of coronary heart disease and stroke after adjustment for age, gender, MAP, and heart rate. The aortic PWV index provided additional predictive value above cardiovascular risk factors, measures of atherosclerosis, and PP. Hansen et al. 11 Monica 1678 After 9.4 y of follow-up, PWV was significantly (PϽ0.05) related to cardiovascular mortality and fatal and nonfatal coronary heart disease after adjusting for sex, age, body mass index, MAP measured in the office, PP, ambulatory BP monitoring (24-h PP), smoking, and alcohol intake. For each 1-SD increment in PWV (3.4 m/s), the risk of an event increased by 16% to 20%. Kingwell et al. 98 Patients with CAD who underwent a treadmill exercise test 96 Within a patient group with moderate CAD, large-artery stiffness was a major determinant of myocardial ischemic threshold.
Guerin et al. 74 Patients with ESRD were followed for 51 mo 150
In patients with ESRD, the insensitivity of PWV to decreased BP was an independent predictor of mortality; use of ACE inhibitors had a favorable effect on survival that was independent of BP changes. Hansen et al. 11, 99 Population study in Europeans 40-70 y old with mean follow-up of 9.4 y 1829 (1678) In a randomly recruited European population, the AASI was a strong predictor of stroke beyond traditional cardiovascular risk factors, including MAP and PP.
Dolan et al. 100 Dublin study 11, 291 Over a median follow-up of 5.3 y, AASI derived from ambulatory BP readings and PP predicted total cardiovascular mortality, but AASI was a stronger predictor than PP for stroke with the opposite trend for cardiac mortality. In subjects with normal daytime ambulatory BP (Ͻ135/Ͻ85 mm Hg), AASI was more predictive than PP of cardiovascular mortality and of stroke mortality, whereas neither independently predicted cardiac mortality. Williams et al. 88 CAFE study 2199 Despite similar reductions in brachial systolic BPs between treatments, amlodipine Ϯ perindopril led to reductions in central aortic pressure compared with an atenolol Ϯ thiazide regimen. Based on Cox proportional-hazards modeling, central PP was significantly associated with the composite outcome of total cardiovascular events/procedures and development of renal impairment. Aronson et al. 7 McSPI database of CABG surgery patients 4801 PP was an independent predictor of postoperative renal dysfunction and/or failure such that for every additional 20-mm Hg increment in PP Ͼ40 mm Hg, there was an OR of 1.49 (CI, 1.17-1.89; P ϭ 0.001). Patients with PP hypertension Ͼ80 mm Hg were 3 times more likely to die from a renal-related death than those without (3.7% vs 1.1%). Benjo et al. 8 CABG surgery patients at The Johns Hopkins Hospital 703 PP was higher in patients with stroke than in nonstroke patients (81.2 vs 64.5 mm Hg; P ϭ 0.0006). PP was an independent predictor of stroke based on adjusted Cox hazard modeling (hazard ratio: 2.62; 95% CI: 1.49-4.60, respectively; Pϭ0.001 for every 10-mm Hg increase in PP. Fontes et al. 9 McSPI database of CABG surgery patients 5436 PP increments of 10 mm Hg (above a threshold of 40 mm Hg) were associated with an increased risk of cerebral events. The incidence of a cerebral event and/or death from neurological complications nearly doubled for patients with PP Ͼ80 vs Յ80 mm Hg (5.5% vs 2.8%; P ϭ 0.004). PP Ͼ80 mm Hg was associated with congestive heart failure (P ϭ 0.003) and death from cardiac cause (P ϭ 0.006).
AASI ϭ ambulatory arterial stiffness index; ACE ϭ angiotensin-converting enzyme; BP ϭ blood pressure; CABG ϭ coronary artery bypass graft; CAD ϭ coronary artery disease; CI ϭ confidence interval; ESRD ϭ end-stage renal disease; MAP ϭ mean arterial blood pressure; OR ϭ odds ratio; PP ϭ pulse pressure; PWV ϭ pulse wave velocity.
Historically, the "gold standard" for arterial stiffness assessment is the measurement of pulse wave velocity (Fig.  3 ). Velocity is defined as change in distance over change in time. For pulse wave velocity, distance is measured at 2 separate points along the arterial tree, usually the carotid and femoral arteries or the carotid and radial arteries. The time interval is determined by measuring the time between the electrocardiogram R wave and the start or peak of the pulse wave at each of the arterial sites of measurement to derive the "time elapsed" as shown in Figure 3 . This measurement is obtained by timing the arrival of the pulse to peripheral sites (e.g., radial and femoral pulses) compared with more central pulses (e.g., the carotid pulse) in relation to a fixed time point, the electrocardiogram QRS complex. The pulse wave velocity in a young person is approximately 6 m/s; it increases to 10 m/s by the age of 65 years and continues to increase with advancing age.
Carotid-femoral pulse wave velocity constitutes a useful, safe, reproducible, and noninvasive method for assessing arterial stiffness. 75 Increased carotid-femoral pulse wave velocity has been shown to be an independent predictor of cardiovascular events in the general population, 6, 11 in the elderly, 48 and in patients with hypertension, 44, 64 diabetes mellitus, 76 and end-stage renal disease. 77 Recent meta-analyses have confirmed that measures of arterial stiffness (e.g., pulse wave velocity) independently predict adverse cardiovascular outcomes and all-cause mortality. 78, 79 The pooled relative risk for cardiovascular events (myocardial infarction, stroke, revascularization) was 2.26 (95% confidence interval [CI]: 1.89 -2.70; 14 studies) and the pooled relative risk for cardiovascular mortality was 2.02 (95% CI: 1.68 -2.42; 10 studies) for subjects with high versus low aortic pulse wave velocity. As expected, the relative risk was higher in patients with coronary artery disease, renal disease, and hypertension compared with the general population. An increase in aortic pulse wave velocity by 1 m/s corresponded to an age-, sex-, and risk factor-adjusted risk increase of 15% for adverse events and mortality. An increase in aortic pulse wave velocity by 1 SD was associated with a relative risk increase of 47% for these events. 79 Vascular stiffness can be assessed noninvasively, and thus, can be incorporated into routine clinical assessments. 80 Noninvasive assessment of arterial stiffness usually falls into 1 of 3 categories: measurement of pulse wave velocity, determination of arterial distensibility, or assessment of central arterial pressure augmentation (e.g., augmentation index) and pulse pressure. Pulse wave velocity measurements have been suggested as a means of assessing subclinical target organ damage. 81 Indices of vascular stiffness all increase with advancing age; however, the age-related changes in augmentation index and aortic pulse wave velocity are nonlinear. Some investigators have suggested that augmentation index might be a more sensitive marker of arterial stiffening and cardiovascular risk in younger individuals because this measure increases at a younger age compared with other measurements. In contrast, aortic pulse wave velocity is thought to be a better measure of vascular risk in older individuals, because prominent changes in pulse wave velocity have been observed only in older individuals. 82 Indeed, arterial pulse wave velocity, but not augmentation index, has been shown to be associated with the extent of coronary artery disease. 83 The potential explanation for the lower predictive value of augmented pressure and augmentation index in predicting adverse cardiovascular events compared with pulse wave velocity may be that the former measurement depends on the timing of arrival of a reflected wave to the central circulation. Pulse wave velocity and magnitude of the reflected waves are timeindependent measures of arterial stiffness that predict long-term cardiovascular mortality independent of conventional risk factors and other measures of arterial stiffness. 84 The magnitude of the reflected wave is derived from pulse wave analysis via a mathematical algorithm. 84 Recently, magnetic resonance imaging (MRI) has been suggested as another noninvasive modality for assessing central arterial compliance/stiffness. 85 Aortic arch distensibility as assessed by MRI was found to be the most sensitive marker of arterial aging in individuals Ͻ50 years of age, whereas aortic arch MRI-derived pulse wave velocity was more sensitive in individuals Ͼ50 years of age. This study found a dramatic decrease in aortic arch distensibility by the third decade of life in individuals otherwise free of overt cardiovascular disease. Although the authors reported that the relationship between age and aortic stiffness was nonlinear, these results suggest that MRI might be useful for detecting early and subclinical vascular disease.
Several devices to measure arterial stiffness are commercially available ( Table 2 ). Most derive their measurements from peripherally acquired waveforms by using tonometry. Central pressure waveforms are then extrapolated by mathematical modeling based on transfer function of waveforms. These methods have been validated against central aortic measurements. 86 Measurements can be made easily with good inter-and intraoperator reproducibility. 87 The predictive value of vascular stiffness in surgical patients has become increasingly appreciated. [7] [8] [9] Pulse pressure was shown to be an independent predictor of renal, 7 neurological, 8 and cardiovascular events 9 in patients undergoing cardiac surgery. Thus, there is emerging evidence that measurements of vascular stiffness provide unique prognostic information for future cardiovascular events in nonsurgical and surgical settings. These findings provide not only a means for improving current risk stratification models but also the potential for interventions to improve patient outcomes.
Pharmacological Modification of Vascular Stiffness
Data from studies in nonsurgical patients suggest that therapy to reduce central arterial stiffness may improve patient outcomes independent of blood pressure reduction. In the REASON study, angiotensin blockade was shown to reduce arterial stiffness, wave reflections, and central pulse pressure independent of mean arterial blood pressure reduction after 1 year of treatment. In addition to decreasing SVR, blockade of angiotensin II restores the remodeling of large arteries and decreases the thickness of resistance arteries; the resulting changes in arterial morphology, in turn, lead to a reduction in pressure wave reflections and augmentation index. 43 The Conduit Artery Function Evaluation (CAFE) study 88 demonstrated that an antihypertensive regimen consisting of an angiotensin-converting enzyme inhibitor and a calcium antagonist preferentially reduced central vascular pressures (and presumably central vascular stiffness) and decreased the long-term cardiovascular event rates compared with a regimen of ␤-blockers and diuretics, even though both regimens had similar effects on peripheral blood pressure (Fig. 5) . The CAFE study suggested that ␤-blockers may have been less beneficial because they are less effective at decreasing central aortic pressure. Subsequent analysis of the CAFE study's heart rate data showed that heart rate reduction was the main reason that ␤-blockerbased therapies were less effective than the others at reducing central pressure. 89 In addition, it has been shown that augmentation index is inversely related to heart rate, such that slow heart rate leads to an increased augmentation index and high central aortic pressures, but only minimal increases in peripheral systolic blood pressure. 90, 91 The authors of the CAFE heart rate study found that the main impact of heart rate reduction was on the augmentation of the reflected wave, which increased by 3 mm Hg per 10 bpm reduction in heart rate, with minimal effect on the incident outgoing pressure waves. Similarly, after adjustment for the brachial blood pressure, heart rate was the major determinant of central systolic and pulse pressure, pressure wave reflections, and pulse pressure amplification. Even more importantly, after the authors adjusted for heart rate, the differences in central systolic and pulse pressures between treatment arms were no longer significant, and the differences in indices of central blood pressure augmentation were minimal. The authors suggested that reduction in heart rate was the major reason that ␤-blockerbased therapy has been less effective at reducing cardiovascular events, especially stroke, when compared with other treatments. In addition, the decrease in pulse pressure observed with nitrates, calcium channel-blocking drugs, and angiotensin-converting enzyme inhibitors has a marked benefit on microvascular function and may explain their ability to protect brain and kidney function. 92 The suggestive protective effect of calcium channel blockers was illustrated in a study by Aronson et al. 93 that assessed the efficacy and safety of the novel, ultrashort-acting dihydropyridine calcium channel blocker clevidipine. The efficacy of treating acute hypertension with clevidipine, nicardipine, nitroglycerin, and sodium nitroprusside was assessed by analyzing the duration and extent of blood pressure excursions beyond predetermined upper and lower limits. Notably, sodium nitroprusside and nitroglycerine were associated with longer time periods outside the predefined blood pressure limits, and this was associated with a tendency toward increased mortality, stroke, and renal dysfunction. However the authors measured only peripheral blood pressure; no data regarding central aortic pressure were reported. Given the known cardioprotective role of statin therapy (e.g., ASCOT trial), the CAFE-LLA study was designed to investigate whether the beneficial effects of atorvastatin were at least partially attributable to a decrease in central aortic pressures. CAFE-LLA demonstrated no effects of atorvastatin on either central aortic pressures or hemodynamic indices. 94 All conventional strategies with well-established benefits in the prevention of cardiovascular events improve endothelial function. Such strategies include physical exercise training, avoidance of stress, and smoking cessation. The decreased cardiovascular risk is associated with a reduction in vascular stiffness. Specifically, regular physical exercise has been reported to slow the increases in arterial stiffness with age and improve arterial compliance in healthy subjects and in patients with chronic inflammatory diseases. [95] [96] [97] Finally, it is important to emphasize that 2 different patients with the same peripheral blood pressure-decreasing effect from antihypertensive therapy may have completely different central aortic pressure responses, depending on vascular stiffness. Thus, indices of vascular stiffness may not only improve the precision of risk stratification models for patients undergoing surgery, but may also allow select patients to benefit from treatment paradigms targeting patient-specific hemodynamic end points. Despite the importance of, growing interest in, and number of studies focusing on indices of vascular stiffness and central aortic pressure in the medical literature, only a few studies have been performed in a surgical population. Given the importance of pulsatile phenomena for the cardiovascular system and its dependence on vascular age, we strongly believe that measurements of vascular stiffness and central aortic pressure should be used in the perioperative period as predictors of adverse outcomes and to set goals for hemodynamic management. Future studies will explore the perioperative implications of vascular aging and provide evidence-based guidance.
CONCLUSIONS
Cardiovascular disease attributable to aging remains the leading cause of mortality in Western countries despite a growing number of effective treatments and preventative therapies. Increased arterial stiffness is a direct manifestation of early vascular aging and is accompanied by increased central aortic pressure. Current data suggest that aortic pulse wave velocity and augmentation index are the best available noninvasive estimates of arterial stiffness in patients older than and younger than 50 years, respectively. Furthermore, these values are more sensitive than conventional risk factors at predicting cardiovascular outcomes. Emerging data have linked increased pulse pressure with stroke, renal failure, and mortality after cardiac surgery, thus providing evidence that measures of vascular stiffness may provide important risk-stratifying information. Data show that blood pressure-decreasing therapies specifically aimed at reducing central aortic pressure may provide additional therapeutic advantages in everyday clinical practice beyond their essential blood pressure-decreasing effects. Whether therapies aimed at decreasing central aortic pressure can modify risk for patients undergoing cardiac and noncardiac surgery remains to be explored.
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